ABSTRACT Citrus crops are considered to be relatively poor hosts for Queensland fruit ßy, Bactrocera tryoni (Froggatt), as for other tephritid species. Australian citrus growers and crop consultants have reported observable differences in susceptibility of different citrus cultivars under commercial growing conditions. In this study we conducted laboratory tests and Þeld surveys to determine susceptibility to B. tryoni of six citrus cultivars [(Eureka lemon (Citrus limon (L.) Osbeck); Navel and Valencia oranges (C. sinensis (L.) Osbeck); and Imperial, Ellendale, and Murcott mandarins (C. reticulata Blanco)]. The host susceptibility of these citrus cultivars was quantiÞed by a Host Susceptibility Index, which is deÞned as the number of adult ßies produced per gram of fruit infested at a calculated rate of one egg per gram of fruit. The HSI was ranked as Murcott (0.083) Ͼ Imperial (0.052) Ն Navel (0.026) Ն Ellendale (0.020) Ͼ Valencia (0.008) Ն Eureka (yellow) (0.002) Ͼ Eureka (green) (0). Results of the laboratory study were in agreement with the level of Þeld infestation in the four citrus cultivars (Eureka lemon, Imperial, Ellendale, and Murcott mandarins) that were surveyed from commercial orchards under baiting treatments against fruit ßies in the Central Burnett district of Queensland. Field surveys of citrus hosts from the habitats not subject to fruit ßy management showed that the numbers of fruit ßies produced per gram of fruit were much lower, compared with the more susceptible noncitrus hosts, such as guava (Psidium guajava L.), cherry guava (P. littorale Raddi), mulberry (Morus nigra L.), loquat (Eriobotrya japonica (Thunb.) Lindl.), and pear (Pyrus communis L.). Therefore, the major citrus crops commercially cultivated in Australia have a relatively low susceptibility to B. tryoni, with Eureka lemons being a particularly poor host for this tephritid fruit ßy.
Experimental results have suggested that citrus fruit have a relatively low susceptibility to tephritid fruit ßies. Early studies showed that lemon peel oils were toxic to the eggs and larvae of the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) (Back and Pemberton 1915) , and further suggested that the physical property and high elasticity of citrus peel may hinder the larvae (Bodenheimer 1951) . The toxicity of essential oils in citrus peel to the eggs and larvae of C. capitata has been conÞrmed in recent studies (Papachristos et al. 2008 ). However, susceptibility to tephritid ßies can vary according to the species and cultivar of citrus hosts (Greany 1989) . Having tested 24 citrus cultivars with C. capitata, Sampaio et al. (1984) found that at least four cultivars showed relatively lower infestation levels, which was apparently relating to the pH of fruit, the brix and the thickness of the pith. Laboratory tests and Þeld trials in Western Australia against C. capitata showed signiÞcant differences in host attractiveness to female C. capitata and host suitability for the life-history traits among Valencia orange, Eureka lemon and Imperial mandarin (Staub et al. 2008) . There are also differences in the susceptibility of different citrus cultivars to the South American fruit ßy, Anastrepha fraterculus (Wiedemann) (Suplicy Filho et al. 1987) , the Mexican fruit ßy, A. ludens (Loew) (Leyva et al. 1991) , and the Caribbean fruit ßy, A. suspensa (Loew) (Greeny et al. 1983 , Hennessey et al. 1992 .
The Queensland fruit ßy, Bactrocera tryoni (Froggatt), is a highly polyphagous tephritid species, with 117 hosts from 49 plant families having been recorded (Hancock et al. 2000) . Nevertheless, laboratory studies have shown that the ovipositing female exhibits preferential choice for different fruit hosts and the larval performance varies with fruit species, cultivars of the same species and stages of fruit maturation (Bower 1977 , Eisemann and Rice 1985 , Fitt 1986 , Balagawi et al. 2005 , Muthuthantri and Clarke 2012 .
To determine the host susceptibility to B. tryoni of different citrus cultivars, we carried out both laboratory tests and Þeld surveys from 1997 to 2000. Labo-ratory tests were designed to measure the adult oviposition on citrus fruit, the immature development and the resulted adult emergence; thereby to quantify the host susceptibility of each citrus cultivar. However, the results of laboratory tests with picked fruit need to be interpreted with caution because fruit condition and chemical proÞles in the fruit can change radically after it is removed from the tree (Mookherjee et al. 1990 , Turgeon et al. 1998 ; thereby affecting the adult preference and the immature performance of a fruit ßy species. For example, the larval mortality of the apple maggot, Rhagoletis pomonella (Walsh) was higher in apples on the tree than those in the fruit removed from the tree (Reissig 1979) . Therefore, information on natural infestation in a host is important for determining and designating the host status or host susceptibility to a fruit ßy species (Aluja and Mangan 2008) . Field surveys were focused on the level of infestation in different citrus and noncitrus hosts from the habitats with and without fruit ßy management. Field trials were carried out on representative commercial varieties representing autumn, mid-winter, spring, and summer harvested citrus. The Þndings of this study have been used to develop interstate market access protocols.
Materials and Methods
Host Susceptibility Test. Laboratory tests were carried out for six citrus cultivars [Eureka lemon (Citrus limon); Navel and Valencia oranges (C. sinensis); and Imperial, Ellendale, and Murcott mandarins (C. reticulata)]. To quantify the relative susceptibility of these cultivars to B. tryoni, we developed a standardized testing method to determine a Host Susceptibility Index (HSI). This method was based on the New Zealand Regulatory Authority Standard 155.02.02 (NZMAF 1994) because no international standard had been developed. The HSI is deÞned as the number of adult ßies produced per gram of fruit in a cultivar that was subjected to a calculated infestation rate of one egg per gram of fruit.
An oviposition test was conducted in the 24 h immediately before the host susceptibility test by providing 50 mature, protein (autolysate yeast) fed females from a laboratory colony of B. tryoni with an apple dome as an oviposition substrate. The laboratory colony was derived from Þeld collections of infested fruit from Southeast Queensland and replenished with wild ßies at least once every 12 mo. Apple domes were prepared by cutting an apple in half, pricking 10 times with an entomological pin and carefully removing all of the ßesh leaving a hollow shell. The cut edge was then sealed onto a petri dish using wax to prevent ßy entry to the inside of the dome. After 24 h, the apple dome was removed and the total number of eggs laid was counted under a stereomicroscope. Thus, the average number of eggs laid by each gravid female during this time period was calculated; in turn this number was used to determine the number of female ßies required to achieve the infestation rate of one egg per gram of test fruit.
Pesticide free, unblemished fruit at the harvest maturity of each citrus cultivar were used for the host susceptibility test. Fruit were harvested with the stem attached. Fruit samples were washed thoroughly and divided into six replicated samples, each weighing Ϸ800 g. Each fruit sample was standardized on size, weight, and color to reduce variability within and between replications and then placed in a gauze cage (30 ϫ 30 ϫ 30 cm). Based on the prior egg test, the number of female ßies required to potentially provide an infestation rate of one egg per gram of test fruit was calculated and introduced into each cage (usually Þve or six ßies per cage). After 24 h, fruit samples were removed and placed in gauze-topped plastic containers containing moist vermiculate for fruit ßy development. Fruit samples were examined for pupae on a weekly basis for a period of up to 42 d after infestation. This extended holding time was based on the results of preliminary tests with citrus fruit. A sample of pesticide free ÔDeliciousÕ apples (a known "moderate" host, readily available throughout the year) was also used in each test to check the ability of each cohort of ßies to oviposit and develop successfully in a known host. The number of days to the Þrst, maximum, and last pupation was recorded, as well as the total numbers of pupae and emerged ßies per fruit and per gram fruit.
The host susceptibility test involved 12 replicates for each citrus cultivar, except for Navel oranges that only had 6 replicates. Each replicate included four to nine fruit, with a total fruit weight between 700 and 850 g. When possible, the test was repeated using fruit ßies from a different generation and fruit from a different orchard harvest. All tests were conducted in a controlled temperature room at 25ЊC and 60 Ð70% relative humidity (RH). The HSI was determined by the mean number of adult ßies per gram of fruit across all replications.
Survey of Infestation in Citrus Fruit Under Fruit Fly Management. Field surveys of fruit infestation in one lemon cultivar (Eureka) and three mandarin cultivars (Imperial, Ellendale, and Murcott) were conducted from commercial orchards in the Central Burnett district, a major citrus production area in Queensland, between July 1997 and September 1998. These orchards were treated with bait sprays (Mauris Pinnacle Protein Lure mixed with a registered insecticide, chlorpyrifos, or maldison) against fruit ßies on a weekly basis commencing Ϸ12 wk before harvest for each citrus cultivar. In the Central Burnett district, Eureka lemons are harvested in late summer and early autumn (FebruaryÐMarch), Imperials in autumn (AprilÐMay), Ellendales in late autumn and early winter (MayÐJune), and Murcotts in late autumn and early spring (AugustÐSeptember).
The level of fruit ßy infestation in each citrus cultivar was assessed in fruit samples that were picked immediately before a commercial harvest. These samples were taken according to a random sampling plan that was statistically developed, based on the number of rows in each block, the number of trees in each row and 10 designated positions on each tree. These po-sitions were north, south, east, and west inside; north, south, east, and west outside; top center and tree skirt. At each picking time, a predetermined number of fruit was taken from the nominated position on each selected tree. If a tree was selected with insufÞcient fruit, then the reminder of the fruit was sampled from the nominated position on an adjacent tree in the same row. Only fruit of harvest size and maturity were picked irrespective of quality. However, obviously damaged or rotting fruit, which would not be picked during commercial harvesting, were not sampled. Field samples were packed into sealed cartons and then transported within 24 h to the laboratory at the Indooroopilly Research Centre for holding.
Assessment of additional packed fruit samples from the same trial blocks was also undertaken at the same time to determine the efÞcacy of postharvest handling in eliminating infested fruit. The packed samples were derived from the commercially harvested fruit from the same blocks as soon as possible after the Þeld samples were taken. The packed fruit samples were handled according to normal commercial practices but not mixed with fruit from any other blocks. For Eureka lemons and Imperial mandarins, this involved holding fruit in a de-greening room at Ϸ25ЊC for 2 to 5 d before the packing line process. Steps in the packing process included initial sorting to remove blemished fruit, followed by washing, waxing, drying, sizing, grading, and packing into commercial cartons. No postharvest chemical treatments were applied for the disinfestation of fruit ßy. For each sampling date, the packed sample of Ϸ2,500 fruit was obtained by randomly selecting a proportional number of cartons to represent all sizes and grades of fruit from the trial block run. From each packing run, 200 Ð500 discard fruit were also taken and assessed.
Fruit samples were held in large gauze topped containers (Ϸ20 Ð30 fruit per container) at 25ЊC and 60 Ð 70% RH to allow fruit ßy eggs and larvae to develop. Fruit samples were examined after 12Ð16 d to ensure that any eggs had sufÞcient time to develop into mature larvae, thereby maximizing detection of larvae or larval activity in the fruit.. Each fruit was scrutinized externally for signs of infestation before being cut in half and each half cut into Ϸ6 Ð10 slices, depending on the size of the fruit. Slices were carefully examined under a magnifying lens with a light source (Maggy Lamp) for fruit ßy larvae or other evidence of fruit ßy infestation. All larvae from the same infested fruit were recorded and removed from fruit tissues for species identiÞcation. The number of infested fruit and the larval load per infested fruit were recorded for each sample.
Throughout the growing period of each citrus cultivar, cue-lure baited LynÞeld traps were used to monitor fruit ßy populations in the commercial orchards. Four traps were placed within each citrus block and four additional traps were installed around the block. Wicks were dosed with 4 ml of a 4:1 mixture of cuelure and malathion. The wicks were replaced every 12 wk. Traps were cleared on a weekly basis and trap catches sent to the Indooroopilly laboratory for counting and species identiÞcation.
Survey of Infestation in Citrus and Noncitrus Fruit Outside Commercial Orchards. Surveys of fruit ßy infestation were conducted in the fruit of host trees grown in the habitats where no fruit ßy control measures were implemented in 1999, mainly in the town areas of Gayndah and Mundubbera in the Central Burnett district. Fruit samples were collected over the fruiting season. Sample sizes varied considerably, depending on the size of the tree and the availability of fruit. Fruit samples were collected and placed in labeled brown paper bags with allocated code numbers. They were transported to the Indooroopilly laboratory for holding. Each sample was counted and weighed before being held on moist vermiculite in a gauze-topped plastic container. Soft fruit, which were likely to break down, were placed on gauze-topped drip containers before being placed in the larger holding containers. All samples were held in a controlled temperature room at 25ЊC and 60 Ð70% RH. Samples were examined for pupae after 7 d and then checked approximately twice per week until no further pupae were recovered. Before discarding, each fruit sample was cut open to recover any remaining larvae or pupae. Pupae were held until adult emergence. Adults were identiÞed to species and the male and female numbers produced per fruit and per gram of fruit were recorded.
Additional fruit ßy trapping was undertaken across the Central Burnett District from January 1999 to January 2000. Fifty-one cue-lure traps were widely distributed in different habitats. Fifteen of these traps were installed in host trees in and around each town area of Gayndah and Mundubbera. Trap clearance and identiÞcation of ßies were carried out as described above.
Statistical Analysis. Analysis of variance (ANOVA) was used to compare the number of ßies produced per fruit and per gram of test fruit, respectively. A squareroot transformation was required to address the assumptions underlying the ANOVA and where a signiÞcant effect of cultivar was found, the 95% least signiÞcant difference (LSD) is used to make pairwise comparisons. The number of days to the Þrst pupa, the maximum number of pupae, and the last pupa were analyzed using a generalized linear model (GLM) with a Poisson distribution and log link function. All statistical analyses were performed using the software GenStat (VSN International 2011).
Results
Host Susceptibility Index. The results of analyses for the number of days to the Þrst pupa, maximum pupae, and last pupa are summarized in Table 1 . The predicted number of days to the Þrst pupa for Navel oranges was signiÞcantly longer than all other cultivars except Eureka lemons. Pupae were recovered only from Eureka lemons in one of the replicates. Murcott mandarins had the highest predicted value for the number of days to last pupa, and this was signiÞcantly longer than those in Ellendale and Imperial mandarins and Valencia oranges. However, no signiÞcant difference was found for the number of days to maximum pupae, though the median prepupation period was 22 d in Eureka, which was longer than that in Valencia, Navel, Ellendale, Imperial, and Murcott (Table 1) .
The results of analyses for the number of ßies produced per fruit and per gram of fruit (Table 2) showed that Murcott had signiÞcantly more ßies than all other cultivars; Valencia and Eureka had signiÞcantly fewer ßies than all other cultivars. In comparison, Eureka lemon was the least susceptible cultivar, with a HSI of 0.002 Ϯ 0.002 for the yellow stage and no pupae recovered from all replicates of green lemons whereas Imperial and Murcott mandarins were the most susceptible cultivars with a HSI of 0.052 Ϯ 0.013 and 0.083 Ϯ 0.014, respectively, ( Table 2) . It is noted that oviposition appeared to have occurred in the green Eureka lemons as eggs were detected by dissecting additional sample fruit exposed as per the test fruit immediately after infestation.
Field Infestation in Citrus Cultivars From Commercial Orchards. Assessment of citrus fruit from commercial orchards under fruit ßy management with bait sprays also showed the differences in the level of infestation among the citrus cultivars sampled (Table  3) . No infested fruit was found in 10,647 Eureka lemons and in the 10,587 mid-winter maturing Ellendale mandarins. Out of the 10,656 Imperial mandarins assessed, only one fruit of the two Þeld samples was infested with one B. tryoni larva. This infested fruit was found to be outwardly blemished and would have been rejected in the commercial picking and packing process.
Thirteen infested fruit were detected with 63 fruit ßy larvae in 10,626 Murcott mandarins that were assessed in 1997, with an average larval load of 5.3 per fruit. In 1998, fruit sampling continued until the 9th of September, 2 wk later than in the previous year. Eighteen of the 11,632 fruit sampled were infested with 6.6 larvae per fruit on average. However, infestation in Murcott mandarins occurred largely in the fruit harvested late in the season. For instance, 12 of the 13 infested fruit in 1997 were found in the samples taken on or after the 25th of August while all infested fruit in 1998 were detected from the samples taken on or after the 8th of September. The increase in the level of fruit ßy infestation corresponded with the seasonal Note: No fruit ßies were obtained from Eureka (green), and statistical comparisons were made among the six cultivars at maturity. The values of mean ßies with different letters in the same column indicate that they are signiÞcantly different. spring peak in ßy activity observed in trap catches (Fig. 1) .
Trap catches showed that the activity/abundance of fruit ßy populations in the Þeld started to increase after mid-August (Fig. 1) . Mean weekly trap catches of male ßies in commercial orchards indicated that the B. tryoni populations were higher during the harvest period for Eureka lemons than during the harvest periods for the other cultivars. This high level of ßy activity is not reßected by higher levels of infestation, indicating other factors, such as fruit physiology/susceptibility, inßuence the results obtained.
Field Infestation in Citrus and Noncitrus Fruit Outside Commercial Orchards. There were noticeable differences in the level of fruit ßy infestation among the citrus and noncitrus fruit collected from the host trees growing outside commercial orchards, though no statistical analysis was done for these observational data. These hosts consisted predominantly of untreated backyard fruit trees in the town areas of Gayndah and Mundubbera, with citrus and mango being the most common (Table 4 ). In total, 253 fruit samples (each sample consisting of a number of fruit) were collected between January and December from 27 plant families representing 35 genera and 49 species and examined for fruit ßy infestation. Fruit samples from 20 of the 49 plant species were infested with fruit ßy larvae. The majority of adults that emerged from these infested fruit was B. tryoni and the lesser Queensland fruit ßy, B. neohumeralis (Hardy), though the JarvisÕs fruit ßy, B. jarvisi (Tryon) and one nonpest species, B. bryoniae (Tryon) were also identiÞed among the adults that emerged from a small number of infested fruit (Table 4 ).
In the 54 citrus samples from seven cultivars, only 15 (28%) were infested with B. tryoni and/or B. neohumeralis (Table 4) The pattern of seasonal changes in cue-lure trap catches of fruit ßies from the town areas of Gayndah and Mundubbera (Fig. 2 ) was similar to that in orchards and along the Burnett River (Lloyd et al. 2010) . Trap catches in these town areas showed a small peak in the activity of fruit ßy populations at the beginning of the season between February and March. From mid-April to mid-August trap catches in these areas were very low with 0.4 Ð3.6 ßies per trap per week on average. Trap catches showed a very rapid increase in late August to early September with the maximum weekly catches reaching Ϸ3,500 ßies in an individual trap, and then a tendency to decline gradually. B. tryoni accounted for 87Ð95% of the total trap catches over the season, with the rest including B. neohumeralis and two nonpest species, B. bryoniae and Dacus aequalis Coquillett.
Discussion
SigniÞcant differences in host susceptibility to B. tryoni were found among the six citrus cultivars tested in this study. The HSI suggests that Murcott mandarins are the most susceptible whereas Eureka lemons, especially at the green maturity, are the least susceptible among these citrus cultivars (Table 1 ). In another laboratory study with Þve citrus cultivars [(Murcott mandarin, Navel orange, Valencia orange, Eureka lemon, and yellow grapefruit (C. paradisi Macfad.)], Muthuthantri and Clarke (2012) have also found that B. tryoni females prefer Murcott mandarin and yellow grapefruit over Navel and Valencia oranges for oviposition, with Eureka lemons being the least preferred. Thus, the HSI-based ranking of host susceptibility to B. tryoni is largely consistent with the hierarchy of adult preference for oviposition, though HSI also reßects the effect of host fruit on the immature performance.
Field surveys on four of the six citrus cultivars tested in this study also showed the differences in level of infestation under commercial orchard conditions with baiting treatments against fruit ßies (Table 3 ). The nil infestation of Eureka lemons in the Þeld was probably because of the low susceptibility to B. tryoni whereas the different levels of Þeld infestation in other citrus cultivar may be related to the host susceptibility and/or the level of fruit ßy population at the maturity. For instance, the relatively higher level of Þeld infestation in Murcott mandarins was most likely caused by a combination of a higher host susceptibility and a greater fruit ßy pressure at the stage of maturation in late August and September, as compared with the cases of Imperial and Ellendale mandarins. As for the Ellendale mandarins that were harvested in June and July, nil infestation in the fruit samples was most likely because of a very low level of fruit ßy population during the winter season, as this cultivar was found to be moderately susceptible in the laboratory study. However, possible changes in the phytochemistry of picked fruit may also contribute to the discrepancy between the host susceptibility measured under artiÞcial conditions in the laboratory and the level of infestation under natural conditions in the Þeld (Aluja and Mangan 2008) .
The Þeld infestation of citrus fruit by B. tryoni in the habitats without fruit ßy management was much lower, except for Seville oranges, compared with the noncitrus fruit, such as guava, cherry guava, mulberry, loquat, and pear (Table 4) . Seasonal changes in the fruit ßy pressure, as indicated by trap catches in the town areas of Gayndah and Mundubbera (Fig. 2) , may have caused, to some degree, the differences in the level of infestation among these fruit hosts. However, the differences in the level of Þeld infestation between citrus fruit and noncitrus fruit could result from their different susceptibility to fruit ßy; for example, lemons were collected at the time when fruit ßy population was high and still did not become infested.
The relatively low susceptibility of citrus crops to a tephritid fruit ßy species has been generally attributed to the presence of essential oils in the fruit peel (Greany et al. 1983; Aluja et al. 2003; Papachristos at al. 2008 ). In some cases, the physical characteristics of the fruit peel are also considered to be important mechanisms to reduce infestation by fruit ßies in some citrus species or cultivars (Bodenheimer 1951 , Sampaio et al.1984 , Papachristos et al. 2008 , Staub et al. 2008 . However, what causes the differences in susceptibility to B. tryoni of the citrus cultivars in question still remains not fully understood, although experimental data has shown that the oviposition preference of the female ßies for citrus fruit is negatively correlated with the toughness of fruit peel (Muthuthantri and Clarke 2012) .
Together with the work done by Muthuthantri and Clarke (2012) , the results of the current study have demonstrated that Eureka lemons are a particularly poor host for B. tryoni. Adults were recovered only from 1 of the 12 replicates in the test of yellow Eureka lemons and none from the green Eureka lemons used in the laboratory experiment. Muthuthantri and Clarke (2012) reported that female B. tryoni laid eggs into only 2 of the 16 naturally de-greened Eureka lemons. Spitler et al. (1984) and Staub et al. (2008) also showed that Eureka and Lisbon lemons were almost not attractive to C. capitata for oviposition at all and unsuitable for the larval development. Furthermore, the intrinsic rate of increase (r) was found to be negative for C. capitata colonies bred on lemon cultivar Maglini, indicating that the population cannot sustain itself in this lemon host (Papachristos et al. 2008) . The concentration of essential oils in the ßa-vedo layer of lemon cultivar Maglini was found to be high enough to kill 99% of C. capitata larvae ). The high content of peel essential oils in lemons also play a certain role in reducing attraction of the fruit to female C. capitata (Levinson et al. 2003, Papachristos and Papadopoulos 2009 ). However, whether and how essential oils in the fruit peels confer low susceptibility to Eureka lemons and other citrus fruit against B. tryoni need to be investigated.
In summary, citrus fruit are less favorable hosts for B. tryoni, compared with many other fruit crops, though there are signiÞcant differences in the host susceptibility among citrus cultivars. The differences between citrus and noncitrus hosts and among citrus cultivars may be used as important component in a systems approach for improved fruit ßy management.
Among the six citrus cultivars tested in this study, Eureka lemons are a particularly poor host for B. tryoni with an extremely low susceptibility at the yellow stage of maturity and are effectively a nonhost at the mature green stage. The low susceptibility and poor host status of such crops will enhance the efÞcacy of both pre-and postharvest treatments in attempting to mitigate the risk of fruit ßy infestation and hence should be taken into consideration in development and adoption of market access protocols.
